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Abstract
Microorganisms thriving under extreme environments have proven to be an 
invaluable resource for metabolic products and processes. While studies carried 
out on microbial characterization of extremophilic environments during golden 
era of microbiology adapted a ‘reductionist approach’ and focused on isolation, 
purification and characterization of individual microbial isolates; the recent studies 
have implemented a holistic approach using both culture-dependent and culture-
independent approaches for characterization of total microbial diversity of the 
extreme environments. Findings from these studies have unmistakably indicated 
that microbial diversity within extreme environments is much higher than antici-
pated. Consequently, unraveling the taxonomic and metabolic characteristics of 
microbial diversity in extreme environments has emerged as an imposing challenge 
in the field of microbiology and microbial biotechnology. To a great extent, this 
challenge has been addressed with inception and advancement of next-generation 
sequencing and computing methods for NGS data analyses. However, further it has 
been realized that in order to maximize the exploitation of genetic and metabolic 
diversity of extremophilic microbial diversity, the metagenomic approaches must 
be combined synergistically with single-cell genomics. A synergistic approach is 
expected to provide comprehensions into the biology of extremophilic microorgan-
ism, including their metabolic potential, molecular mechanisms of adaptations, 
unique genomic features including codon reassignments etc.
Keywords: extremophilic environments, metabolic diversity, metagenomics,  
single cell genomics, small molecule secondary metabolites
1. Introduction
There are a number of extreme ecosystems present on Earth that harbor an array 
of microorganisms with unique genetic diversity and metabolic capabilities [1, 2]. 
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These unique capabilities enable them not only survive but also thrive in extremes 
of physicochemical parameters [3–6]. The idea that microorganisms might survive 
in such extreme environments and the term ‘extremophile’ was first proposed in 
the 1970s by Robert MacElroy. Conventionally, extremophilic microorganisms have 
been defined by their ability to grow optimally under environments characterized 
by extreme temperature, pH, pressure, and salinity etc. [7, 8]. It is argued that sur-
vival and growth under extreme environments require stabilization of cellular com-
ponents and enzymes so that their optimal functionality is maintained. Therefore, 
extremophilic microorganisms are proposed to be one of the greatest reservoirs of 
the wide spectrum of exclusive enzymes and metabolites with significant biotech-
nological applications [9–15]. In addition, the extremophilic microorganisms are 
now also being regarded to have the pivotal role in maintaining the balance of global 
biogeochemical cycles [16–18]. With this understanding, there has been a continued 
increase in the scientific interest in isolation and characterization of extremophilic 
microorganisms. The same is clearly reflected by the fact that many new extremo-
philic microorganisms have been isolated and cultured in laboratories all over the 
world during the past 2–3 decades [19, 20]. Still, much of the physiological and 
phylogenetic diversity of extremophilic microorganisms remains rather unexplored. 
Given the ability of extremophilic microorganisms to thrive in the extreme environ-
ments; their taxonomic, genetic and metabolic characterization is widely regarded 
as an indispensable step towards harnessing their true potential. The progress in 
this line of scientific endeavor has remained hampered due to the vast majority 
of microbial biodiversity within extremophilic environments comprising of the 
lineages that are recalcitrant to traditional culturing techniques based isolation 
and purification approaches [21]. In absence of purified cultures of extremophilic 
microorganisms, the access to their genetic and metabolic diversity has remained 
obscure as only until recently, cultivability was the single most important pre-
requisite for having access to the genetic complement of individual organisms.
This limitation has been circumvented to a great extent with the implementa-
tion of culture-independent approach (i.e. metagenomics). The ‘state of the art 
metagenomics technologies,’ allow not only to develop a theoretical and mechanistic 
understanding of the possible role of extremophilic microorganisms in biogeo-
chemical cycles but also assess the genetic & metabolic potentials (e.g. discover 
novel enzymes and proteins for industrial applications) of the uncultured extremo-
philic microbial population [22–25]. Having mentioned that, it is also pertinent to 
remark that even with the implementation of improved cultivation methodolo-
gies and metagenomics characterization, the understanding of the ‘black box of 
extremophilic microbial diversity’ has improved only marginally over the period 
of last 2 decades. The optimal exploitation of their potential still remains elusive. 
This situation could be attributed to the following reasons: (i) despite the ever-
improving cultivation methodologies, most of the extremophilic microorganisms 
are not yet amenable to laboratory culturing which use traditional reductionist 
culturing approaches; (ii) the microbial biomass densities within extremophilic 
environments are often too less to yield enough DNA for carrying out effective 
culture-independent analyses (e.g. metagenomics, metatranscriptomics, and 
recombinant cloning of a gene of interest); and (iii) inability to annotate novel 
genetic complements during post-sequencing analyses of metagenomic due to lack 
of reference sequences in the nucleotide databases [24].
This situation demands continued improvement of technical methodologies 
towards assessing and harnessing the genetic and metabolic diversity of extremo-
philic microorganisms from even the minute quantities of retrievable metagenomic 
DNA. Some of the developments in this aspect have focused on improving the 
recovery of metagenomic DNA from extremophilic environments [26]. Yet another 
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most important developments in this aspect has been the development of Single 
Cell Genome Analyses (SCGA) and its synergistic application with metagenomics 
[27]. The synergistic application of both of these approaches enables for assembly 
and annotation of draft genomes of even the uncultivated phyla. Therefore, these 
approaches could be effectively used to harness the genetic and metabolic potential 
of the extremophilic environments even without the need for extensive laboratory 
manipulation [28, 29]. Till date, such studies focusing on extreme environments 
have revealed substantial genomic information for several candidate extremophilic 
phyla, encompassing putative acidophiles, halophiles, thermophiles, and piezo-
philes. These data have also provided substantial insights (including catabolic and 
anabolic potential, molecular mechanism for adaptations to extreme environments, 
unique genomic features such as stop codon reassignments, and predictions about 
cell ultrastructure) into the biology of extremophilic microorganism. It is suggested 
that if metagenomics and SCGA methodologies are coupled with other “omics” 
technologies, such as transcriptomics, proteomics and metabolomics (i.e. study 
and quantification of mRNA transcript levels, proteins and cellular metabolites 
respectively), it could lead to further development of scientific capabilities for 
harnessing the genetic and metabolic potential of the extremophilic microbial 
diversity [30, 31].
2. Extremophilic environments and associated microbial diversity
The physicochemical characteristics of extremophilic environments observed 
on the planet Earth are quite diverse and they are often studied with regards to 
temperature, pH, salt concentration, nutrient availability etc. Some of the typical 
extremophilic environments widely studied include thermophilic environments, 
psychrophilic environments, halophilic environments, acidophilic environments, 
subterranean habitats, and hyper-arid environments [2, 8, 32]. Representative 
niches for each of these environments have been scanned with both cultivation-
dependent and cultivation-independent approaches [19, 20, 24, 33]. A brief 
description of some of the representative extremophilic environments and the 
associated microbial diversity is presented below.
2.1 Thermophilic environments
Studies pertaining to thermophilic environments initiated in the 1970s and 1980s 
with the isolation of several novel hyperthermophiles. Subsequent studies led to 
the discovery of deep-sea hydrothermal vents and consequent addition of isolation 
of a wide range of hyper thermophilic microorganisms belonging to the ‘archaeal’ 
domain of the life [34]. During the 1990s, with the advent of culture-independent 
characterization of microbial diversity using 16S rRNA gene pool sequencing, the 
thermophilic environments e.g. hydrothermal vents were analyzed [35–37]. These 
studies could define the composition and diversity of the microbial communities 
present within the representative thermophilic environments and characterized the 
prokaryotic phylotypes amongst diverse thermophilic environments representing 
the temperature gradients from 60oC to 120oC [35–37]. However, the understanding 
of the functions associated with microbial diversity and the intra-species, inter-
species interaction remained poorly defined.
A few of the culture-independent studies on thermophilic environments, which 
analyzed the sequence of the entire metagenomic DNA pool rather than just the 
phylogenetic marker gene, identified dominance of sulfur- recycling genes amongst 
the dominant phylotypes within the sulfur-rich deep-sea vents [35]. Similarly, the 
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prevalence of hydrogen oxidation genes was observed in hydrogen-rich deep-sea 
hyperthermophilic vents [38–40]. A few other studies have identified the critical 
genetic signatures (e.g. genes for alternative mechanisms of nitrogen utilization) 
of the microbial communities surviving within the thermophilic environments. 
Some of the recent culture-independent studies on samples collected from thermo-
philic environments have indicated for the occurrence of the significantly higher 
diversity of CRISPR compared to the metagenomes of the mesophilic microbial 
diversity [41–43].
Even with increasing frequency of reports showing the identification of novel 
genetic and metabolic mechanisms prevalent in thermophilic environments; the 
comprehensive understanding about key genetic elements which determine the 
composition as well the function of the microbial diversity within the thermophilic 
environments is only poorly understood. It is not yet established how physico-
chemical factors contribute to shaping up the composition and structure of the 
microbial diversity of any thermophilic environment. The scenario is expected to 
improve only through the inclusion of physicochemical information along with full 
 community metagenome data.
2.2 Psychrophilic environments
The psychrophilic environments are characterized by extremely low tempera-
tures. Just like the thermophilic environments, they also represent one of the most 
thoroughly investigated extreme environments [21, 44]. It is noteworthy that 
unlike the thermophilic environments, the microbial diversity within psychrophilic 
environments consists of both eubacteria and archaea [45]. The biodiversity and 
adaptive strategies of psychrophilic microorganisms have been extensively studied. 
Results from some of the representative metagenomic studies on the psychrophilic 
environment have shown microbial community diversity and complexity to be 
significantly higher than other environments [45, 46]. The most note-worthy 
studies on psychrophilic environments have been carried out on samples from 
Antarctic continent, which harbors sub-glacial ice habitat. These studies have 
reported the dominance of ‘chemoautotrophs’ that are capable of tapping reduced 
iron and reduced sulfur compounds as the source of energy [47]. Other studies with 
psychrophilic environments have recognized the presence of ‘chemolithotrophic’ 
bacterial and archaeal communities [45, 47]. These share a close phylogenetic rela-
tionship with microorganisms able to use reduced nitrogen, and iron compounds as 
the source of energy. With regards to the psychrophilic environments, it is gener-
ally accepted that ‘availability of organic metabolizable carbon’ is the single most 
dominant factor determining the microbial activity, diversity, and dynamics.
2.3 Acidophilic environments
Acidophilic environments have emerged as ‘extremophilic environments of 
choice’ for studies on mechanisms and genetic elements determining the survival 
of life under extreme environments. A number of studies had reported attempts for 
isolation of microorganisms from acidophilic environments. Culture-independent 
studies with respect to acidophilic environments were first carreid out with a 
natural acidophilic biofilm sample [48]. Subsequent studies in this regard were car-
ried out on samples collected from an Acid Mine Drainage located at different parts 
of the world [49–52]. The data obtained with these samples showed the microbial 
community structure to have a poor diversity with presence of only chemoau-
totrophic consortia largely comprising members of genera Leptospirillum and 
Ferroplasm [48]. The genetic signatures observed within the Acid Mine Drainage 
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metagenomes indicated for molecular mechanisms for acidophilic survival through 
 implmentation of unique carbon metabolic pathways for Carbon metabolism, 
Nitrogen fixation and iron oxidation [53]. The community composition of Acid 
Mine Drainage samples were found to have significant contrast to the naturally 
occuring acidophilic biofilms that has Acidithiobacillus, Acidimicrobium and 
Ferrimicrobium as the dominant genera present within the community [49, 52, 54]. 
The other noticeably dominant microbial extremophilic taxa in acid mine drainages 
was Ferroplasm and Thermoplasmatales archaea [55, 56].
2.4 Halophilic environments
Like other extremophilic environments, the microbial community structure and 
diversity of the halophilic environments has also been subject of great scientific 
curiosity. Several culture dependent and culture independent studies have been 
carried in past 2–3 decades for the assessment of the microbial diversity thriving 
within the halophilic environments [57–59]. The research findings from some of 
the most important studies have been thoroughly reviewed. Studies pertaining to 
halophilic microorganisms have got greatly benefitted with the implementation of 
cultivation independent approaches for microbial diversity analyses. Metagenomic 
analyses of the samples collected from multiple hypersaline systems (e.g. Tyrell 
Lake, Crystallizer Ponds) have indicated presence of high phylotypic diversity with 
the dominance of halophilic archaeon in particular [60–63]. The whole DNA pool 
metagenome sequencing of halophilic samples followed by de novo assembly and 
annotation resulted in discovery of a dominant novel uncultivated archaeal class 
viz., Nanohaloarchaea [60]. This study also revealed occurrence of a unique combi-
nation of amino acids which increase the structural flexibility and osmo-resistance 
of the protein elements. Another characteristic feature of the genetic resources 
associated with microbial diversity within halophilic environment was discovered 
in an independent study and it was observed to be the prevalence of Halo-resistance 
mechanisms orchestrated through synthesis of solutes (such as glycine, betaine, 
ectoine and trehalose etc.) that are compatible with high salt concentrations [64].
3.  Extremophilic microorganisms: invaluable source of novel 
metabolites
Microorganisms surviving in the extreme environments are being looked up to 
as they could help treat a wide spectrum of human illnesses, from ovarian cancer, 
migraine, high blood pressure, ovarian cancer and lung cancer to Alzheimer’s 
disease. This doctrine has emerged out of the understanding that extremophilic 
environments present very hostile conditions that impose serious threat to survival 
of any organism exposed to them [8, 65]. However, extremophilic microorganisms 
which thrive under such hostile environment must be doing it by synthesizing 
unusual, but potentially very useful, secondary metabolites. Probably, the best 
studied molecules produced by extremophilic microorganisms are (i) biocatalytic 
proteins that are often referred as extremozymes; and (ii) secondary metabolites 
that are not directly required growth of the microorganism, yet they often perform 
many helpful functions, such as enabling defense mechanisms etc. [66–69],
It is suggested that extremophile enzymes would be more suitable and stable for 
use in industrial biotechnology applications than those obtained from mesophilic 
microbial species [9, 21, 70]. Also, the unusual secondary metabolites isolated from 
extremophilic microorganisms are steadily being characterized as drug molecules 
with unique potential and applications. One of the recently published studies 
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reported characterization of a secondary metabolite (viz., dihydrogranaticin) 
from a thermophilic fungus exhibits wide spectrum antibiotic functions. Similarly, 
secondary metabolites isolated from a psychrophilic bacterium from the Arctic 
glaciers have been reported to inhibit the growth of human colon cancer cells. 
Another secondary metabolite (psychrophilin D) isolated from a psychrophilic 
microorganism, exhibits inhibitory activity against mouse leukemia cell line [71]. 
Figure 1. 
Schematic representation of the workflow used for culture independent approaches for characterization of 
microbial diversity viz., metagenomics (A) and single cell genomics (B).
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In accordance to the other extremophilic environments, the secondary metabolites 
produced by organisms that thrive at acidophilic environments, are a valuable 
source of novel metabolites. According to a recent survey, more than 20 previously 
unknown natural products have been isolated from acidophilic microbial diversity. 
Another valuable type of metabolites that is being proposed to have significant 
technological application is the ‘natural inhibitors’ of therapeutic target proteins. 
A representative example of such natural inhibitors was reported as berkeleyamide 
A, a secondary metabolite isolated from acidophilic strains Penicillium rubrum 
species [72]. This inhibits the proteases caspase-1 and matrix metalloproteinase 3 
(MMP3), both of which are implicated in malignancy of some of the cancer types 
[72]. Another molecule (i.e. Berkelic acid,) isolated from an extremophilic microor-
ganism, has a very unusual tetracyclic structure and it also inhibits both caspase-1 
and MMP-3 [73]. Consequently, it exhibits selective inhibitory activity against an 
ovarian cancer cell line which has implication of abovementioned genes in cancer 
progress. Unfortunately, there is significantly less information available relevant to 
the secondary metabolites produced by extremophilic microorganism thriving at 
high pH and high salt concentrations. It has been often suggested that the enzymes 
from these microorganisms would be quite useful a biological detergents.
Considering the well-established potentials of the metabolites of the extremo-
philic origin, there is a need to develop fundamental understanding with respect to 
their physiological role in the growth and survival of extremophilic microorganism 
as well as their adaptation to the hostile environment. Many of the metabolites 
remain ‘cryptic’ during the cultivation of the extremophiles under the in vitro 
conditions since recreating the physicochemical conditions observed in the extreme 
environments within the laboratory is technically challenging, complicated and 
expensive [74]. Metagenomic Analyses and Single Cell Genomic Analyses., which 
enable the assessment of genetic and metabolic diversity without the need of culti-
vating the microorganisms, have helped to circumvent the limitations caused by the 
cryptic nature of secondary metabolic genes [75–77]. Figure 1 presents a schematic 
representation of the workflow used for the metagenomics (Figure 1A) and single 
cell genomics (Figure 1B). As of now, a number of studies have already been carried 
out with metagenomes and single cell genomes from the extreme environments for 
studying extremozymes and cryptic metabolites.
4.  Cultivation-independent approaches: tapping extremophilic 
metabolites
Cultivation-independent approaches are based on direct isolation of whole 
metagenomic DNA/environmental DNA. Subsequent downstream treatments of 
metagenomic DNA are broadly classified into 2 categories, i.e. (i) Metagenomic 
library generation and its functional screening; and (ii) Direct sequencing of the 
whole metagenomic DNA content [78–82]. The same technological framework 
is applicable to metagenomic analyses of samples collected from extremophilic 
environments. However, the complex nature of extremophilic matrix presents 
certain unique technical challenges with respect to isolation of metagenomic DNA. 
The methodologies successfully implemented to mesophilic sites for metagenomic 
DNA isolation often tend to be non-sufficient for isolation of high quality and high 
quantity metagenomic DNA from extremophilic samples. Even with non- optimal 
metagenomic DNA isolation procedures, the cultivation independent approach has 
enabled identification and characterization of several valuable extremozymes and 
extremophilic metabolites [20, 75].
Extremophilic Microbes and Metabolites - Diversity, Bioprospecting and Biotechnological...
8
4.1 Functional screening of extremophilic metagenomic libraries
Using rather simple and direct readout assays (e.g. appearance of either a halo 
or a color), the functional screening of the metagenomic libraries have been carried 
out for a number of extremophilic environments. For example, in a recent study, 
the Antarctic desert soil metagenomic library was screened for psychrophilic 
esterases using agar plates based screening approach [83, 84]. The positive clone 
with desired activity was selected on the basis of formation of a clear halo around 
the metagenomic clone. The halo formation indicated tributyrin hydrolysis; and 
resulted in identification and characterization of a novel cold-active psychrophilic 
esterase. Noticeably, it was found to be only distantly related to previously reported 
lipases.
While the abovementioned example for isolation and characterization of a novel 
psychrophilic esterase clearly highlights the value of ‘functional screening’ of the 
metagenomic libraries of the extremophilic origin, yet, it is also well acknowledged 
that many of the extremozymes and extremophilic metabolites are not expressed 
from the clones of the metagenomics library and therefore, they are not amenable 
to identification by library screening assays [85]. Several attempts have been made 
to evade the apparent limitations associated with library screening approach to 
metagenomics. Screening and development of alternative host for functional 
metagenomics screening [86] and development and application of ‘Reporter 
Vectors’ has been one of the most distinct attempts in this regard. One such 
Reporter Vector for metagenomic library screen was developed to have product-
induced gene-expression of a reporter gene. It is done by coupling of the reporter 
gene to a product-sensitive transcription factor; Thus upon formation of a desired 
product, the transcription of the reporter gene is initiated, which could be subse-
quently monitored through standard reporter gene assay (e.g. fluorescence) [87]. 
Complementation assays have also been used as a strategy for functional screening 
and isolation of novel biocatalysts from metagenomic libraries [88].
4.2 Homology search based screening of the extremophilic metagenome
The alternative approach is based on direct sequencing and homology search 
based screening of the gene(s), protein(s) and secondary metabolites of interest. 
This approach generally involves DNA amplification (PCR) step as a necessary 
step of sequencing procedures. Even the next generation sequencing platforms (i.e. 
Pyrosequencing, Sequencing by Synthesis, and Ion Sequencing) involve the step for 
PCR amplification of the metagenomic Pool DNA [20, 53, 79]. An earlier approach 
for homology search based screening of metagenomic DNA used ‘heterologous 
probe –hybridization’; however, that approach has given way to NGS approaches. 
With advancement in the field of genome informatics, and metagenome infor-
matics, it is now easily feasible to detect conserved enzymatic sequence motifs in 
metagenomic DNA sequences including the metagenomes of extremophilic envi-
ronments [24]. The most noticeable advantage of this approach over the functional 
screening of the metagenomic library is the inherent high throughput and flexibility 
to extend the scope of screening using in silico homology search and screening 
[82]. The sequence homology search based screening approach has been used with 
primary metagenomic sequence data as well as with the pre- existing metagenomic 
datasets. The homology search based screening of metagenomic sequences gets 
limited only in terms of the ‘existing sequence databases’. In other words any novel 
sequence(s) with significant divergence from the previously characterized/refer-
ence sequences or not having homology gets identified as “sequence with unknown 
function”.
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5. Diversity of products screened from extremophilic metagenomes
In addition to the screening for extremozymes, the extremophilic metagenomes 
have also been subjected to screening for identification of small molecules and 
secondary metabolites which could have potential pharmaceutical applications 
as antibiotics, antifungal, anti-inflammatory, anti-tuberculosis, anti-cancer and 
immunosuppressive etc. Both functional screening of metagenome library and 
homology search based screening approaches have been successfully used for this 
purpose [22, 24, 36, 40, 62]. In comparison the extremozymes, there are relatively 
fewer high throughput assays available for detecting metagenomic clones that can 
produce small molecules and/or secondary metabolites. Thus functional screen-
ing has not been used very often for metagenomic libraries with the objective of 
identifying novel secondary metabolites. Therefore, there is a constant need for 
development of innovative functional screening methods for identification of 
small molecules and secondary metabolites of extremophilic origin. A few discreet 
studies have shown examples of novel screening approaches. In one such example 
a novel screening method was developed with use of indicator “Chrome Azurol-S” 
(CAS), which undergoes chromogenic change from orange to blue in the presence 
of iron. This screening method was subsequently used for identification of metage-
nomic clones (as well as cultivable isolates) encoding siderophores (the iron chela-
tors). In these studies gene clusters encoding novel siderophores were  identified 
from novel uncultivable strains.
In comparison to the functional screening, the homology search screening has 
been more frequently used for screening of metagenomes for the extremophilic 
metabolites. For the homology search screening, the metagenomic sequence data 
is probed to identify gene(s)/gene cluster(s) containing conserved domains or 
sequence that are predicted to be associated with biosynthesis of a secondary 
metabolites of interest. The most prominent secondary metabolites identified 
through homology search screening of extremophilic metagenome sequences 
has successfully led to the identified and characterization of: (i) glycopeptide 
antibiotics; (ii) cyanobactins cytotoxins; (iii) type –II polyketides antibiotics 
and anticancer molecules; and (iv) Trans-acyltransferse (trans-AT) polyketides 
[89–93]. While each of these classes of small molecules/secondary metabolites 
have been previously identified and characterized from the cultivable microbial 
diversity (more specifically actinobacterial diversity), however, with use of 
homology search screening of the extremophilic metagenomes, a number of novel 
representatives of the chemical scaffolds have been successfully identified and 
characterized.
5.1 Identification and characterization of glycopeptide
Glycopeptides are small molecule secondary metabolites produced by diverse 
organisms ranging from Proteobacteria to higher plants with Actinobacteria being 
the single most important source. These small molecules exhibit antibacterial 
activity against some of the most resistant Gram-positive pathogenic bacteria [94]. 
Consequently, glycopeptide are molecules of great scientific and industrial signifi-
cance. The assortment of glycopeptides isolated and characterized from cultivable 
bacterial diversity is only very limited; therefore, several studies have been carried 
out with the objective of widening the catalogue of the glycopeptides through 
exploitation of culture- independent approaches. In one such study, soil metage-
nome was used as the DNA template and used for amplification a gene correspond-
ing to OxyC, an oxidation coupling enzyme which is highly conserved and catalyzes 
a vital intermediate reaction during synthesis of many glycopeptides. This approach 
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resulted in identification of multiple predicted glycopeptide-encoding gene clusters 
from the soil metagenomic libraries. In the follow up studies, the novel glycopeptide 
synthesis related gene(s) and gene cluster(s) identified from the metagenomic DNA 
were transformed and heterologously expressed in a Streptomyces expression host 
[95, 96]. Such technical intervention resulted in several new derivative glycopeptide 
antibiotics (with methyl, sulfur and sugar substitution) were generated being 
synthesized.
5.2 Identification and characterization of cyanobactins
Cyanobactins are a family of small, cyclic peptides produced by cyanobacteria 
and consist of N-to-C macro-cylization of a 6–20 amino acid chain. They are 
generally assembled through the cleavage and modification of short precursor 
proteins. Many of these peptides show antimalarial or antitumor activity [97]. It 
is speculated that close to 30% of all cyanobacterial strains contain genes corre-
sponding to synthesis of cyanobactins [98, 99]. It is also speculated that, bacterial 
diversity other than cyanobacteria may also have harbor the gene(s) and gene 
cluster(s) for synthesis of cyanobactins [98]. However, access to such cyanobactins 
gene cluster(s) is limited due to the non- cultivability of the vast microbial major-
ity. A few metagenomic studies have reported cloning and heterologous expression 
of biosynthetic gene clusters for the cyanobactins. In one such example study, 
the gene cluster for ‘patellamide’ was cloned and heterologously expressed from 
metagenomic libraries of uncultured cyanobacterial symbionts associated with 
marine sponge [100, 101]. In other studies, the structural diversity of diversity 
was enriched with subtle changes in the gene encoding for precursor peptide and 
employed it in combination with multiple strategies e.g. (i) orthogonal loading of 
unnatural amino acids; (ii) mutagenesis of precursor peptide; (iii) generation of a 
library of hybrid  cyanobactins [90].
5.3 Identification and characterization of Type II polyketides
Type II polyketides are a group of small molecules with aromatic rings and 
contain alternating carbonyl and methylene groups (-CO-CH2-).Many of the Type 
II polyketides (e.g. tetracycline and doxorubicin) are well documented for anti-
microbial and ant cancerous activities [90]. Gene clusters involved in synthesis of 
these small molecules are rather divergent and exhibit low levels of DNA sequence 
homology, yet each of them contain at least a ‘polyketide synthetase’, encoded by 
three highly conserved genes, i.e. 2 genes for ketosynthases (KSs) and one gene 
for a acyl carrier protein. These 3 genes are referred as ‘minimal PKS synthesis 
gene cluster’. Studies carried out with metagenomes in general and extremophilic 
metagenome in particular have shown a rich diversity of novel ‘minimal PKS 
synthesis gene cluster’ [102]. In subsequent studies, gene clusters with minimal 
PKS synthesis genes were identified in soil metagenomes [103]. The transformation 
and heterologous expression in different strains belonging to genus Streptomyces 
and lead to synthesis and identification of several new polyketide metabolites with 
previously unknown and rare carbon skeletons [93].
5.4 Identification and characterization of trans-acyltransferse polyketides
This class of small molecule polyketides is biosynthesized through activity of 
a freestanding acyltransferases and constitutes one of the most important groups 
of pharmacologically interesting polyketides. Considering their pharmaceutical 
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implication and rather limited catalogue from the cultivated microorganism, the 
metagenomic route of discovery has been adapted. In this approach, the metage-
nomes from various environments including the extremophilic environments 
have been probed for presence of a conserved trans-Acyltransferase specific DNA 
sequences [104]. Using this approach, a single amplicons have been identified 
which would produce the novel Trans-acyltransferse polyketides. Unlike the Type 
II polyketides, studies with heterologous transformation and expression of the 
Trans-acyltransferse polyketides are relative obscure, yet, a few discreet stud-
ies have shown genesis of hybrid Trans-acyltransferse polyketides. In one such 
examples study, a gene encoding for O-methyltransferase from the pederin gene 
clusters was transformed in a mycalamide-A producing strains. Upon expression 
the O-methyltransferase catalyzed a site-specifically methylation which resulted 
in production of a hybrid compound 18-O-methylmycalamide which showed 
 significantly improved antitumor activities [105].
6. Single Cell Genome Analyses of the extremophilic microbial diversity
A recent concept in the field of the culture- independent approaches for identi-
fication and characterization of microbial genetic and metabolic diversity is “Single 
Cell Genome Analyses (SCGA)” [106]. This approach accesses genomes from one 
cell at a time. Therefore, this approach allows the analyses of the microbial genetic 
and metabolic diversity at the level of the most fundamental biological unit. The 
central technical aspect of this approach involves separation of individual cells from 
a complex mixture of environmental matrix using a cell sorting methods such as 
fluorescence-activated cell sorting (FACS). Cell separation is followed by cell lysis 
and recovery of the femtogram levels of DNA from a Single cell. The recovered 
single cell DNA is amplified using multiple displacement amplification (MDA) and 
amplification of single cell genomic DNA, such that the quantities of DNA increases 
to 100s of nano grams – 10s of micro grams (a 103-106 fold increase) [107, 108]. 
The single amplified genomes (SAGs) are subsequently used for screening by 
PCR amplification and NGS sequencing. The taxonomic identity of the concerned 
extremophilic microbial cell is ascertained with 16S rRNA gene sequencing, 
whereas subsequent shotgun or NGS sequencing, assembly and annotation is car-
ried out with single amplified genomes of interest identified through preliminary 
phylotype characterization [106–109].
Despite its tremendous scientific capabilities, the SCGA is yet to make outreach-
ing impact on microbial genomics in general and extremophilic microbiology in 
particular. The technical procedure used for SCGA faces many challenges that are 
not yet completely addressed. The most critical challenges include: (i) technical 
limitation in precise and reproducible separation of single bacterial cells with 
available methodologies; (ii) low amounts of starting DNA recoverable from single 
bacterial cell; (iii) requirement of a high degree of amplification; (iv) possibility of 
cross contamination; (v) introduction of chimeric artifacts and biases in genomic 
coverage during single genome amplification; and (v) poor post-sequencing quality 
control, data analyses and sequence assembly [110]. Due to these limitations, the 
resulting composite assemblies from SCGA can often represent incomplete or 
inaccurately characterized genomes for a given strain or species [107, 111]. However, 
several technological updates are being made to circumvent these limitations 
of the SCGA, which would soon enable highly accurate data generation and its 
physiological interpretation based on the absence as well as presence of genes and 
pathways [108].
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6.1 Combining single cell genomics and metagenomics
Despite the individual technical limitations of both the approaches, it is 
regarded that the combined synergistic application of single-cell genomics and 
metagenomics can offer great opportunities, since the advantages offered by each 
of these techniques are complementary in nature. To highlight, it is underlined 
that one hand metagenomics is not known to suffer from any problem associated 
with chimera generation during strand displacement and genome amplification or 
separation of individual microbial cells from a complex heterogeneous mixture. On 
the other hand single-cell genomics overcomes the limitation of metagenomics by 
leading to a direct and unambiguous association of phylogeny and metabolic func-
tions. Information obtained from SCGA can be effectively used to assign taxonomy 
to individual metagenome contigs with high accuracy [107, 112–114]. SCGA may 
also be used for retrieving complete genomes of candidate taxon from the metage-
nomic data. Similarly, the metagenomic reads can be mapped back to scaffolds for 
closely related SAG and therefore significantly improve their annotation.
The synergistic application of metagenomics and single cell genomics is 
regarded to have a unified and far reaching implication in harnessing the bio-
technological potential of the extremophilic microbial diversity. As a matter of 
fact, extremophilic environments have already featured prominently in studies 
implementing both metagenomics and single-cell genomics studies. The most 
note-worthy set of studies were performed on acidophilic biofilms of Richmond 
Mine, California, USA, wherein initial metagenomic studies led to the identification 
of dominant microbial communities, while subsequent single cell genomics studies 
could identify even novel, low-abundance archaeal lineages that were later named 
as archaeal richmond mine acidophilic nanoorganisms (ARMAN) [115, 116]. The 
nanoorganisms have since been the matter of investigation throughout the world. In 
the same vein, the synergistic application of metagenomics and single cell genom-
ics has led to identification of three previously uncultivated and uncharacterized 
halophilic phylotypes that represent the candidate phylum Nanohaloarchaeota from 
studies carried out on samples collected from halophilic Pola salterns, Alicante, 
Spain. Apart from the taxonomic and phylogenetic characterization of novel 
extremophiles, the synergistic application of metagenomics and single cell genom-
ics also led to identification of their critical metabolic functions e.g. presence of 
rhodopsin and genes for a photoheterotrophic lifestyle.
7. Conclusion
The advent of ‘culture independent’ approaches for characterization of micro-
bial diversity and their dynamics has been the single most significant develop-
ment in the field of microbiology in general and microbial ecology, microbial 
biotechnology in particular. It has also greatly accelerated the research pertaining to 
extremophilic microbial diversity. With use of present ‘state of the art’ technologies 
viz., metagenomics and single cell genomics, a number of vital discoveries have 
been made that would not have been possible without the use of these technologies. 
Thus, it could be proposed that although, considerable progress has been made, yet 
there is a lot of scope for better application of metagenomics and single-cell genom-
ics approaches to not only access genomes for discovering novel taxonomic lineages 
of extremophilic microorganisms but also harness their genetic and metabolic 
potential towards discovery of novel high value metabolites.
As an eventual future objective, the application of metagenomics and single cell 
genomics would be expected to complement the traditional cultivation approaches 
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